Friction stir welding is a solid-state welding technique that utilizes thermomechanical influence of the rotating welding tool on
Introduction
Friction stir welding (FSW) is a solid-state welding technique introduced during 1991-1992 by TWI London. The first application of the FSW was the welding of long aluminum sheets used for railway vehicles in Japan; after that, FSW was introduced by marine, aero, space, automobile and other industries around the globe. From that time until present days, FSW has been widely known as the welding technique mostly used for welding of aluminum and its alloys. However, there are numerous examples of steel, bronze, and other parts joined by FSW [1] . Newer application of FSW is not connected only with plate like parts: many pipelines, profiled or complex shapes, railway bogies, etc. are joined by FSW. 
--------------

Principle of FSW
At the beginning of the welding process, a welding tool is mounted onto the rotating head of the machine, placed above the joint line on the fixed welding plates, with the probe tip barely touching the top of the welding plates, fig. 1(a) . The main rotation axis of the welding tool is perpendicular to the welding plates and the joint line. In that position, the welding toll starts to rotate (n revolutions per minute [rpm] ;  angular frequency [rad s -1 ]). The probe of the welding tool, fig. 1(b) , plunges into both of the welding plates (base metal) at the start point on the joint line, the friction between the probe and the welding plates initiates heat generation, the welding plates soften in the area of friction contact between the tool and the plates, and the thread on the probe stirs the material of the welding plates. When the shoulder tip touches the welding plates and the probe tip is very close to the backing plate, plunging of the welding tool into the welding plates stops and the tool starts translation along the joint line. Moving along the joint line, the welding tool probe heats layers of material from the welding plates, cuts and stirs them, and creates a vale of mixed and plasticized metal, which hardens and creates a monolith connection between the welding pieces -weld. The shoulder tip confines the upper surface of the weld while the backing plate holds the welding plates and confines the lower surface of the weld as well. In order to easily analyze the process, the complete technological cycle of FSW is explained throughout five basic phases [2, 3] : plunging, first dwelling, welding, second dwelling, and pulling out. All of them are necessary for the correct weld creation.
Beside all advantages and disadvantages [1] [2] [3] compared to other conventional welding techniques, FSW has some advantages that are of importance:  FSW can be used for welding of conventionally non-weldable alloys (Al series 2×××),  temperature (80% of melting point), temperature distortions, and residual stresses of workpieces are smaller than with other welding techniques,  eco-friendly and economic welding technique.
Heat generation during FSW
Heat generation can be defined as the transformation of mechanical energy into thermal energy. The transformation of mechanical energy (power) during FSW happens while the welding tool and the welding plates relatively move one to another and active surfaces of the welding tool have intimate contact with the material of the welding plates [3] [4] [5] . Analytical expressions for heat generation estimation have evolved from the friction momentum equation of contact between the rotating punch and the semi-half space [3, 6, 7] . Schmidt [5] used the same principle to propose analytical expressions for heat generation during FSW basing it on contact shear stress  cont on contact welding tool/welding plates. Expressions from [3, 6] that can be used for the estimation of heat generated on the coned probe side and fully coned shoulder of the welding tool, fig. 2(a, b, 
shoulder tip:
The total amount of generated heat is the sum of heats generated on active surfaces:
Contact shear stress  cont on intimate contact between two moving bodies, results in adhesion and deformation processes on both bodies [5] . These processes appear on the contact surface or in the layer of material close to the contact surface, and dominantly influence the softer body [3] . The contact condition in FSW is divided (from adhesion and deformation [3, 5] ) to pure sticking, pure sliding, and mixture of sliding/sticking [5] . Considering contact conditions, contact shear stress is estimated as: 
while for the mixture of sliding and sticking condition, contact shear stress is defined over contact state variable  [5] :
However, since friction coefficient on contact between the welding tool and base metal (t, p, T, n, …), and median contact pressure on contact p m (t) can be determined experimentally (because there are no accurate and simple models for their analytical estimation), it was necessary to investigate them experimentally. For this purpose, more than 20 experimental weldings were conducted on plates made of Al 2024 T351, with conventional welding techniques non-weldable aluminum alloy. During these investigations, axial (plunging) force F a (t), torque M t (t), momentum of friction M tr (t) and temperature T(t) of welding plates were measured.
Friction coefficient on contact between the welding tool and base metal (t, p, T, n,…) can be estimated experimentally with satisfactory precision using the method given by Kumar [8] . Obtained values vary between 0.1 and 1 [9, 10] . Median contact pressure on contact p m (t) is determined as:
where A(t) is the effective contact area between the welding tool and base metal.
Since yield strength  yield of metallic materials is highly temperature  yield (T) and strain  yield (T, ) dependent, it is necessary to have values of temperature T and strain  of base metal around the welding tool.
However, temperature change is directly affected by the amount of generated heat, which is in turn affected by thermo-mechanical properties (e. g. yield strength) of base metal, while thermo-mechanical properties are themselves affected by temperature ( fig. 3 ). This implies that generated heat and temperature have to be estimated in steps taking special care of the influence of one to another. Strain can be neglected with minor influence on the precision of the calculation and model [3, 5] , and it can be assumed that yield strength is affected only by temperature (tab. 1). Figure 4 shows experimental values of axial force F a (t), torque M t (t) and mechanical power P(t) measured while the welding tool rotated n = 910 rev/min. and traveled at the speed of s = 0.062 mm/rev. (travel rate v x = 0.9403 mm s -1 ) along the joint line. The experimental data was used for the estimation of generated heat. Numerical simulation was performed by "FSW v1.13" software [10] developed at the Faculty of Mechanical Engineering, University of Niš. The welding tool used in experimental welding had a coned probe, coned shoulder and a thread on the probe side [10, 11] . Beside the amount of generated heat, the software estimates temperatures of the welding plates and welding tool, material flow around the welding tool, and thermo-mechanical properties of base metal in the area of welding.
The simulation provided analytical values of generated heat during FSW experimental welding (fig. 4) . These values were compared to the mechanical power ( fig. 5) 
Temperature estimation
Experimental welding was performed on a universal lathe (with horizontal rotation axis of the welding tool). Plates were set on a backing plate (anvil) and bolted to it to prevent abutting of plates during welding, fig. 6 (a). Temperature history of welding plates (temperature T*) was monitored by an infrared camera during the welding process ( fig. 7 ).
Numerical temperature (T) of the welding plates was determined from [12] : (for welding plates) 
Initial and boundary conditions
Boundary conditions applied to the proposed model, fig. 6(a, b) , varied due to the complex structure and/or stage of the welding process. The proposed model recognized convection and conduction and neglected radiation in numerical simulation. Radiation was simulated by the use of adapting values of heat transfer coefficients [8] . 
while convection boundary conditions on the welding plate (wp) are defined as: 
where 
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Conductivity boundary conditions are present on contact of the welding plates and the anvil. However, there is no interest in the estimation of anvil temperature and with the goal to shorten the numerical calculation time, conductivity on contact between the anvil and the welding plates is approximated as a convective boundary condition: 
Conductivity boundary conditions on contact between the welding plates and bolts (bt), fig. 9(b) , are defined as:
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Conductivity boundary conditions on contact between the welding plates and the welding tool (wt) are changing with the phase of welding process and time.
At the beginning of the welding process, the welding tool is in contact with the welding plates only over the probe tip [8] [9] [10] 
, , , , wp wt sin sin
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Afterwards, the probe side gets involved in the welding process and plunging depth along z-axis changes:
, , , ,
and, at the end of the plunging phase, the shoulder tip initiates contact with the flashed material of welding plates [8] [9] [10] , and actively gets involved in the welding process, thus conductive boundary conditions can be described as: 
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The shoulder tip is exposed to air for a certain period of time, thus there is a convective boundary condition:
The rest of the welding tool is exposed to air for the complete welding cycle:
Numerically estimated temperature
Results (temperature T and generated heat Q t ) were obtained analytically and numerically -for temperature estimation, the finite difference method, explicit scheme with adaptive grid, fig. 6(b) , was used, with the application of algorithm for heat transfer by material flow: node substitution and replacement method [10] . The numerical solution of eqs. 8(a) and 8(b), with the application of Taylor series for the approximation of second order derivatives and node positioning in discretized space, fig. 6(b) and fig. 8 , is:
(for welding place) 
Thermal energy generation source q v , [W m -3 ], is directly affected by the generated heat and the volume receiving generated heat V t : Table 2 gives geometrical, thermo-mechanical parameters and other discretization parameters that were used in simulation. Values of generated heat are shown in fig. 4 and the temperature of welding plates (an example from conducted simulations) is shown in fig. 9 . Figure  10 (a) shows temperature distribution in the plane normal to y-axis, at a specific moment of time. 
Experimentally vs. numerically estimated temperature
The infrared camera captures images that show temperatures of bodies/space in the focus of camera, but the analytical/numerical method gives discrete values of temperatures in the entire volume. In order to compare experimental and numerical temperature, 24 control points were chosen on the top surface of the welding plates, fig. 11(a) . Experimental temperatures of control points were estimated by adequate software from infrared images while numerical temperatures were estimated by interpolation of node temperature (if a control point is not the same as a discrete node). Fig. 11(b) shows, as an example, numerical and experimental temperatures of control points 4 and 7. Temperatures of all selected control points were compared and tab. 3 gives the results of comparison.
Discussion and conclusions
The amount of generated heat, estimated analytically, is about 60-100% of the mechanical power delivered to the welding tool. Friction processes, regardless of whether they are welding or pure friction processes, utilize more than 50% of energy to heat generation and FSW is not any different from them. However, the trend and changing of the heat transformation percentage is highly dependent on the axial force delivered to the welding tool and technological parameters of the welding process.
Proposed analytical/numerical model for heat and temperature estimation shows that numerically estimated temperature varies up to 11% from experimentally estimated temperature in selected control points (maximal error is in control point 1, which is at the beginning of the welding plates and removed from the welding zone). Minimal error is nearly 0% in areas close to the welding zone. The trend and behavior of numerically estimated temperature 
